Density functional theory methods were used to investigate various self-assembled photoactive bioorganic systems of interest for artificial minimal cells. The cell systems studied are based on nucleotides or their compounds and consisted of up to 123 atoms (not including the associated water or methanol solvent shells) and are up to 2.5 nm in diameter. The electron correlation interactions responsible for the weak hydrogen and Van der Waals chemical bonds increase due to the addition of a polar solvent (water or methanol). The precursor fatty acid molecules of the system also play a critical role in the quantum mechanical interaction based self-assembly of the photosynthetic center and the functioning of the photosynthetic processes of the artificial minimal cells. The distances between the separated sensitizer, fatty acid precursor, and methanol molecules are comparable to Van der Waals and hydrogen bonding radii. As a result the associated electron correlation interactions compress the overall system, resulting in an even smaller gap between the highest occupied molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) electron energy levels and photoexcited electron tunnelling occurs from the sensitizer (either Ru(bpy) 2+ 3 or [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ + derivatives) to the precursor fatty acid molecules (notation used: Me = methyl; Bu = butyl; bpy = bipyridine). The shift of the absorption spectrum to the red for the artificial protocell photosynthetic centers might be considered as the measure of the complexity of these systems. 31.10.+z, 31.15.A-, 31.15.ae, 33.15.-e, 33.20.- 
Introduction
The artificial minimal cells that are synthesized in USA Los Alamos National Laboratory (LANL) [1] [2] [3] are only a few nm in size. * E-mail: Arvydas.Tamulis@tfai.vu.lt
The aims of this paper are: i) to predict structural and optical properties of the complex molecular photosynthetic systems of existing artificial minimal cells using time dependent density functional theory that reasonably agrees with existing experiments; ii) to design new, more effective photosynthetic systems of artificial cells and predict structural and optical properties of these complex systems as the benchmarks for future synthesis and spectroscopic measurements.
In their simplest form, the artificial cells synthesized in LANL consist of a micelle which acts as the container, a light driven metabolism, and a genetic system, whose functions are all very tightly coupled. The container consists of amphiphilic fatty acid (FA) molecules that self-assemble into a micelle. The hydrophobic interior of the micelle provides an alternative thermodynamic environment from the aqueous or methanol exterior and acts as a sticking point for the photosensitizer, fatty acid precursors (pFA) (food), and the genetic material. Peptide nucleic acid (PNA) is chosen as the genetic material as it is far less polar than RNA or DNA and therefore should stick to the micelle, especially if hydrophobic chains are added to the PNA backbone. PNA is also capable of undergoing the same Watson-Crick pairing and replication as RNA and DNA. The metabolism involves the photoexcitation of an electron in various photosensitizers which is stabilized by the donation of an electron from non-canonical PNA nucleotides (for example, 8-oxo-guanine). The excited electron is in turn used to cleave a fatty acid precursor (pFA) to yield another fatty acid molecule, thereby allowing the container to grow until it reaches an unstable size and divides. The protocell can be fed PNA monomers or use an essentially identical metabolism to convert PNA precursor monomers into true monomers, thereby also providing the material to allow the double-stranded PNA "gene" to replicate when it undergoes a random dehybridization to yield two complementary single-stranded templates [1] [2] [3] . Finally, as the different nucleotide molecules have different electron donor and electron relay capabilities, there is also a mechanism for natural selection, with some nucleotides and their orderings being superior to others in their ability to facilitate the metabolism.
The minimal protocell contains 103 atoms [1] [2] [3] . Due to its small size, all its processes, including its self-assembly from component molecules, its absorption of light, and its metabolism, should in principle be investigated using quantum (wave) theory [4] [5] [6] [7] [8] . The entire minimal cell might be considered to be a molecular electronics device that self-assembles according to quantum-based electron interaction potentials and that absorbs light and carries on its metabolism according to quantum electron excitation and tunnelling equations. Therefore in this picture, the photo-induced electron charge transfer in the minimal cell may be viewed as a quantum particle-wave trace.
Electron charge tunnelling energy equal to 2.753 eV (450.3 nm) associated with the eighth excited state of LANL synthesized minimal artificial living cells investigated in papers [5, 6] correspond to an experimental value equal to 450.0 nm of the most intense absorption line [2] . This agreement implies that the quantum mechanically self-assembled structures of minimal living cells very closely approximate the realistic ones.
We are using quantum mechanical calculations to predict the possibility of biochemical experimental synthesis of molecular electronics information based artificial living organisms or nanobiorobots for nanomedicine and cleaning of nuclear, chemical, and microbial pollutions. The molecular electronics and spintronics logical gates are created for regulating the photosynthesis, growing and dividing of artificial living cells and nanobiorobots [9] [10] [11] [12] [13] .
This article uses a collection of quantum mechanical electron correlation tools and applies them to a variety of minimal cell photosynthetic problems, while also providing a perspective on the requirements for success in the synthesis of new forms of living organisms.
The molecules used in the simulated versions of protocells are: cytosine (
2+ , and the precursor of the fatty acid (
Quantum mechanical methods used
We are presenting the review of quantum chemical methods below mainly for chemists willing to investigate theoretically Ru(bpy) 2+ 3 derivatives. Later in this paper we demonstrate that different supramolecules requires the knowledge to choose the right DFT potential, basis set, and program package. We have done the large-scale calculations and improved the quality of existing Ru(bpy) 2+ 3 derivatives calculations, based on careful studies of previously synthesized and experimentally measured molecules and applied the new version programs, new basis sets possibilities, geometry optimization, and charge transfer visualization procedures.
Quantum simulations of single bioorganic molecules possessing closed electronic shells start from a trial geometry (Cartesian coordinates of the nuclei). Using a density functional theory (DFT) approach in the Gaussian 03 [14] , GAMESS-US [15] and ORCA [16] 1 program packages, we obtain the lowest molecular energy, which depends on these coordinates parametrically. Subsequent standard geometry optimization procedures [14] [15] [16] [17] [18] 1 minimize the 1 F. Neese, ORCA -an ab initio, density functional and semiempirical program package, Version 2.6.04 (University of Bonn and Max Planck Institute for Bioinorganic Chemistry, Mülheim an der Ruhr, 2009) energy with respect to the nuclear positions. Special care is required to verify that the optimal molecular structure obtained is a global as opposed to only a local minimum in the phase space of the nuclear 3n-6 degrees of freedom, n being the number of atoms.
In order to obtain accurate results when investigating supermolecules, two factors have to be taken into account: i) the quality of the density functional and ii) the quality of the molecular orbitals (the extent of the phase space of the single-electron states covered). For covalently bonded molecules and coordination bonded Ru(bpy) 2+ 3 derivatives, we chose Becke's 3 parameter exchange functional [19] with non-local Lee-Yang-Parr electron correlations [20] in the DFT B3LYP, PBEPBE [14, [19] [20] [21] , and PBELYP [15, 20] models. Currently, the B3LYP model is considered to be the most appropriate model for taking into account electron correlations in large closed-shell supermolecules, where atoms are linked by covalent or coordination bonds ( , there are no Van der Waals nor hydrogen bonds between atoms in a single molecule) [22, 23] . For simulations of the self-assembly of bioorganic supramolecules, where separate molecules are associated by hydrogen bonds or Van der Waals forces, we used the PBEPBE [14, 21] and PBELYP [15, 20] models. In these latter two models, exchange functionals include some electron correlation effects at larger distances, which provide relatively good descriptions of the Van der Waals forces and hydrogen bonds. To obtain accurate optimal molecular geometries for single molecules, we use the 6-311G * * basis set which includes (5d, 7f) polarized atomic orbitals. For self-assembly of pairs of bioorganic molecules we add diffusion orbitals of the 6-31++G * * basis set (the standard tables [24] give the appropriate basis set description).
The above-mentioned 6-311++G * * basis set convention was adopted by John Pople and coworkers. The basis set structure is given for the whole molecule, rather than a particular atom. The notation also emphasizes the split valence (SV) nature of these sets. Symbols like n-ijG or n-ijkG are encoded as follows: n -the number of primitives for the inner shells; ij or ijk -the number of primitives for contractions in the valence shell. The ij notation describes sets of valence double zeta quality and ijk, sets of valence triple zeta quality. Generally, in the basis sets derived by Pople's group, the s and p contractions belonging to the same "electron shell" ( corresponding formally to the same principal quantum number n) are folded into an sp-shell. In this case, the number of s-type and p-type primitives is the same, and they have identical exponents. However, the coefficients for the s-and p-type contractions are different. The symbol "
* " is used to indicate when Pople's basis sets are augmented with d-or f-type polarization functions: n-ijG * or n-ijkG * when this is done only for heavy atoms; and n-ijG * * or n-ijkG * * when done for all atoms, together with p-functions for hydrogen atoms.
The basis sets are also frequently augmented with the so-called diffuse functions. These are very shallow Gaussian basis functions, which more accurately represent the "tail" portion of the atomic orbitals, which are distant from the atomic nuclei. These additional basis functions can be important when considering anions and other large, "soft" molecular systems. These gaussians have very small exponents and decay slowly with distance from the nucleus. The diffuse gaussians are usually s-and p-type, however sometimes diffuse polarization functions are also used. Diffuse functions are necessary for a correct description of anions and weak bonds (e.g. hydrogen bonds) and are frequently used for calculation of properties such as dipole moments, polarizabilities, etc. The inclusion of diffuse functions is indicated with the "+" sign: n-ij+G or n-ijk+G when one diffuse s-type and p-type gaussian with the same exponent is added to a standard basis set for heavy atoms; and n-ij++G or n-ijk++G when one diffuse s-type and p-type Gaussian is added for heavy atoms together with one diffuse s-type gaussian for hydrogen atoms. The diffuse and polarization functions are available in Gaussian03 [14] , GAMES-US [15] , ORCA [16] and Turbomole 2 program packages.
Quantum modelling of photoinduced electron transfer in a photosynthetic center of Ru(bpy)

2+
3 derivatives in various solvents
Quantum investigations of a single Ru(bipyridine)
2+ 3 molecule
The experimental absorption spectra of the various derivatives of Ru(bpy) 2+ 3 metal-to-ligand charge transfer (MLCT) singlet-singlet transitions in the derivatives of Ru(bpy) 2+ 3 molecules shows a broad absorption band from about 500 nm to about 400 nm with two peaks, one at near 430 nm and the other near 450 nm (depending on the various ligands and solvents) [2, 3, [25] [26] [27] [28] [29] .
The geometry optimization and calculation of the absorp-tion spectrum of the D 3 symmetry Ru(bpy) 2+ 3 molecule were performed using the time dependent (TD) DFT B3LYP method with the LanL2DZ basis set and the IEF-PCM [30] methanol solvent shell model in Gaussian03, with Turbomole B3LYP/def2-TZVP (for Ru, the effective core potential def2-ecp was employed) using the COSMO [31] methanol solvent shell model and with GAMESS-US PBELYP/3-21G in vacuum (see Table 1 ). Analysis of Gaussian03 results showed two intense singlet E lines, one at 455.27 nm and the other at 434.73 nm in methanol, and 456.2 nm, 435.6 nm in water which differs from spectroscopic experiments [2, 3, [25] [26] [27] [28] [29] within the value of experiment errors. Other programs we used give worse correspondence with experimental results. Therefore, later in this paper we describe mainly our calculation results of various more complex Ru(bpy) 
Program
Individual transitions HOMO-m→LUMO+n
Weight of individual transition
Energy (eV) One can see in Table 1 that for our most intense energy levels which are transformed by the irreducible E symmetry representations the Gaussian03 and Gamess-US programs give different components of individual transitions, while the Turbomole program prints only one component. The geometry optimization of this structure was performed using the B3LYP model with the LanL2DZ basis set while applying the water cavity generation technique of the IEFPCM solvent shell model. The calculations were done using the SGI64-G03RevC.02 Gaussian03 program package on the LANL SGI Altix 3000 machine. We used the TD DFT B3LYP method for calculations of the absorption spectrum of this photoactive bioorganic system. The intense singlet-singlet electron charge transfers for this 8-oxo-guanine-PNA-Ru(bpy) 2+ 3 supermolecule in the water molecule cavity are found for the sixth (455.2 nm), seventh (450.7 nm), eighth (441.6 nm), and ninth (429.7 nm) excited states singlet-singlet transitions (see Table 2 ) in the broad region from 529.2 nm to 402.9 nm. These intense transitions are each composed of several individual excitations with weights larger than 10%. In spite of the fact that each of these intense transitions is composed of several individual excitations, all the HOMOm orbitals are found to be predominantly located on the Ru atom while all the LUMO+n orbitals are primarily localized on the ligands. Examples of this are given in Figures 2 and 3 , where the top and bottom frames respectively show the HOMO-3 and LUMO or LUMO+1. Therefore these singlet-singlet electron transition states correspond to the MLCT. Table 2 )] and will involve a transition where the LUMO is located on the bipyridine ligand linked to the 8-oxo-guanine (see Fig. 2 ). Photoelectron charge migration in the direction of the bipyridine ligand linked to the molecular insulator bridge is preferred over any bipyridine ligand which is separated by vacuum from the symmetrical water molecule shell. The second largest individual excitation (which has a weight equal to 0.24) is the HOMO-3→LUMO+1 one, where the LUMO+1 is located on the other two ligands (see Fig. 3 ). We will see in the next section that in the case where the fatty acid precursor molecule is near the sensitizer, the situation changes and the transitions with the largest weights will involve individual excitations where the LUMO+n states are located on the bipyridine ligands that are close to the precursor of fatty acid molecule.
Quantum modelling
As was mentioned in section 3.1, the calculation of a single Ru(bpy) 2+ 3 D 3 symmetric molecule using the TD B3LYP method with the LanL2DZ basis set, while applying the water or methanol cavities generation technique of the IEFPCM solvent shell model, shows two intense degenerate peaks at 455.27 nm, 434.73 nm for methanol solvent, and 456.2 nm, 435.6 nm for water solvent. These originate from electron energy levels that are transformed by the irreducible E-symmetry representation. The IEF-PCM solvent shell model uses an ideal mathematical sphere which does not break the D 3 symmetry of an individual Ru(bpy) 2+ 3 molecule. However, if one attached a new molecule to one of the bipyridines, it would break the symmetry, and therefore we may expect that the two above-mentioned degenerate peaks will split. This implies that the covalent bonding of the 8-oxo-guanine to the PNA fragment to one of the bipyridines breaks the D 3 symmetry and splits the degenerate lines at 455.2 nm, 450.7 nm, 441.6 nm, and 429.7 nm (see Table 2 ). Despite the greater complexity of the larger covalently bonded 8-oxo-guanine-PNA-Ru(bpy) 2+ 3 supermolecule compared with that of the Ru(bpy) 2+ 3 molecule alone, the peaks of the spectrum of the more complex molecule did not show a clear shift to the red as had been previously seen for the softly "bonded" supramolecule based on the 1,4-bis(N,Ndimethylamino) naphthalene sensitizer molecule to which the other molecules are loosely attached by hydrogen bonds and Van der Waals forces [6] [7] [8] 13 ].
In the case of the 8-oxo-guanine-PNA-Ru(bpy) 2+ 3 supermolecule, there is an internal (MLCT) electron transfer in the Ru(bpy) 2+ 3 . As a consequence, the surrounding moieties do not have much of an impact on the MLCT spectrum. Therefore the shifts of the peaks are small and predominantly influenced by the results of geometry optimization of the entire 8-oxo-guanine-PNA-Ru(bpy) 2+ 3 supermolecule. This likely results in a number of slightly different local minima in the total energy surface, which means that the overall calculated spectrum would have to be a superposition of the different spectra calculated in all these local energy minima. The experimentally measured spectrum also does not have sharp individual lines, but instead broad peaks [2, 3] .
To investigate the likely impact of using a double-stranded genetic system, the above system was studied, but with a cytosine complementary hydrogen bonded to the 8-oxoguanine. The electron correlation interactions, associated with the weak hydrogen and Van der Waals chemical bonds, resulting from the addition of a cytosine molecule, play a critical role in the quantum mechanical interaction based self-assembly of the photosynthetic center and its functioning. This is expected as the distances between the separated sensitizer and cytosine molecules are comparable to Van der Waals and hydrogen bonding radii and, therefore, these nonlinear quantum interactions compress the overall system resulting in a smaller gap between the HOMO and LUMO electron energy levels.
The result of with TD DFT B3LYP method with a LanL2DZ basis set, while applying the water cavity model [30] , for calculations of hydrogen bonded cytosine molecule, is a shift of the lowest, intense excited state wavelength from 455.2 nm (see Table 2 ) to 457.0 nm, 1.8 nm to the red. The highest visual excited state is shifted from 402.9 nm to 401.5 nm, 1.4 nm to the blue. This behaviour matches what is experimentally seen for such interactions [2, 3] , namely a splitting of the spectra of complex quantum systems, due to the hydrogen bonding to the additional molecule.
Quantum modelling of the self-assembly and photo-induced electron transfer in a photosynthetic center consisting of [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)]
2+ ::pFA supramolecule covalently bonded to 8-oxo-guanine in a methanol solvent
Quantum investigations of [Ru(bpy) 2 (4-4'-Me 2 -2,2'-bpy)]
2+ were done. The geometry optimization and calculation of the absorption spectrum of this structure was performed using the TD B3LYP method with the LanL2DZ basis set, while applying the methanol cavity generation technique of the IEFPCM solvent shell model. The calculations were done using the SGI64-G03RevC.02 Gaussian03 program package on the LANL SGI Altix 3000 machine.
The intense singlet-singlet electron charge transfers for this [Ru(bpy) 2 (4-4'-Me 2 -2,2'-bpy)] 2+ in the methanol molecule cavity model are found for the fifth (463.3 nm), sixth (452.9 nm), seventh (439.5 nm), eighth (436.7 nm), and ninth (403.1) excited states singlet-singlet transitions (see Table 3 ) in the broad region from 501.7 nm to 403.1 nm. These intense transitions are each composed of several individual excitations with weights larger than 10%.
Next the quantum mechanical investigations of an 8-oxoguanine covalently bonded to a [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ sensitizer molecule (see Figure 4) were performed. The bonding is accomplished by replacing one of the methyl groups of a [Ru(bpy) 2 (4-4'-Me 2 -2,2'-bpy)] 2+ with a butyl group that is in turn covalently bonded to the 8-oxo-guanine nucleotide. The geometry optimization and calculation of the absorption spectrum of this structure was performed using the TD B3LYP method with the LanL2DZ basis set, while applying the methanol cavity model [30] . The calculations were done using the SGI64-G03RevC.02 Gaussian03 program package on the LANL SGI Altix 3000 machine. The intense singlet-singlet electron charge transfers for this covalently bonded 8-oxo-guanine -[Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ structure, located in a methanol molecule cavity, are found for the fifth (464.1 nm), sixth (447.3 nm), eighth (437.2 nm), ninth (433.5 nm), and twelfth (402.0 nm) excited states singlet-singlet transitions (see Table 4 ) in the broad region from 503.5 nm to 402.0 nm. These intense transitions are each composed of several individual excitations with weights larger than 10%.
The addition of the covalently bonded 8-oxo-guanine molecule to the [Ru(bpy) 2 (4-4'-Me 2 -2,2'-bpy)] 2+ sensitizer was found to shift the lowest energy visual (Vis) spectrum excited state from 501.7 nm to 503.5 nm (1.8 nm to the red) (compare Tables 3 and 4 ). This behaviour matches what is experimentally seen for such interactions [2, 3] , namely a shifting of the lowest energy Vis spectrum excited states of complex quantum systems, due to covalent and Van der Waals bonding interactions with the additional molecules. Next the impact of adding a fatty acid precursor molecule to the system was studied. In particular, quantum mechanical simulations of the [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ ::pFA supramolecule covalently bonded to 8-oxoguanine molecule (see Figure 5) were done. This more complete bioorganic system consisted of 123 atoms (without the methanol solvent cavity) and is 2.5 nm in diameter. The geometry optimization of this structure was performed using the B3LYP functional: 1) with the Gaussian03 program package using the LanL2DZ basis set, while applying the methanol cavity model [30] , and 2) with the ORCA program package using the DGauss basis set (for the Ru atom), while applying the methanol solvent COSMO method. These two different TD DFT calculations were done using, respectively, the SGI64-G03RevC.02 Gaussian03 program package on the LANL SGI Altix 3000 machine and the ORCA program package on the Vilnius University research group's Linux cluster. Geometry optimization results for the entire supramolecule are shown in Figure 5 (obtained by ORCA) . The ORCA package gives the electron density population in ground and excited states. These densities are needed to calculate and visualize the electron hopping process for the different excited states.
On the other hand, the Gaussian03 package usually gives more accurate values for the spectral lines. The electron correlation interactions associated with the weak Van der Waals and hydrogen bonds increase due to the addition of a polar solvent (methanol), while the pFA molecules play a critical role in the quantum mechanical interaction based self-assembly of the photosynthetic center and the functioning of the photosynthetic processes in our artificial minimal cell. The distances between the separated sensitizer, pFA, and methanol molecules are comparable to Van der Waals and hydrogen bonding radii, and therefore the nonlinear quantum interactions will compress the overall system resulting in a smaller gap between the HOMO and LUMO electron energy levels. The intense singlet-singlet electron charge transfers obtained by the Gaussian03 package for our 8-oxoguanine covalently bonded to a [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ ::pFA supramolecule located in a methanol molecules cavity are found for the fifth (460.6 nm), sixth (449.0 nm), seventh (439.4 nm), and ninth (434.5 nm) excited states singlet-singlet transitions (see Table 5 ) in the broad region from 507.1 nm to 381.1 nm. As before, these intense transitions are in fact each composed of several individual excitations with weights larger than 10%.
As already mentioned, the addition of the covalently bonded 8-oxo-guanine molecule to the [Ru(bpy) 2 (4-4'-Me 2 -2,2'-bpy)] 2+ sensitizer was found to shift the lowest energy Vis spectrum excited state from 501.7 nm to 503.5 nm (1.8 nm to the red). The further addition of the Van der Waals bonded pFA molecule to the 8-oxo-guanine covalently bonded to a [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ results in an added shift of the already shifted lowest Vis spectrum excited state to 507.1 nm (3.6 nm more to the red) (compare Tables 3-5 ). This behavior again matches what is experimentally seen for such interactions [2, 3] , namely a shifting of the lowest energy Vis spectrum excited states of complex quantum systems, due to covalent and Van der Waals bonding interactions with the additional molecules. This is also consistent with our general finding that the inclusion of more molecules in the photosynthetic systems of artificial minimal cells resulted in longer wavelengths for the absorption spectrum [5] [6] [7] [8] . The shift of the absorption spectrum to the red for the artificial protocell photosynthetic centers might be considered as the measure of the complexity of these systems. In spite of the fact that each of these intense transitions is composed of several individual excitations, all the HOMOm orbitals are found to be predominantly located on the Ru atom while all the LUMO+n orbitals are primarily localized on the bipyridine ligands. It is clear that these singlet-singlet electron transition states correspond to the metal-to-ligand charge transfers. The next step of photosynthesis is the electron tunneling from the ligands to the pFA molecule [2, 3] . This step might be described as an optimization of the geometry of the system from a specific excited state.
Employing the ORCA package with the TD DFT B3LYP model, we calculated the difference of the electron charge density (excited-state -ground-state). The 6-31G basis set was used except for the Ru atom for which the DGauss basis set was used instead. The calculations were done for a photosynthetic system consisting of an 8-oxoguanine covalently bonded to a [Ru When the excitation is near the edge of the UV/Vis spectra transition region (e.g., the 13th excited state), the electron tunnels directly from the HOMO-m located on the Ru atom to the LUMO+n located on the pFA. Figure 7 show the Gaussian03 calculation result in the 13th excited state: HOMO+1→LUMO+3 transition at 381.1 nm, while Figure 8 shows the corresponding ORCA calculation result of partial electron hopping to pFA in the 13th excited state.
These results indicate that near the UV/Vis spectra boundary some direct Ru→pFA electron transfer excitations exist, but they do not have high oscillator strengths.
Conclusions
Density functional theory methods were used to investigate various self-assembled photoactive bioorganic systems of artificial minimal cells. The cell systems studied are based on nucleobases or their compounds and consisted of up to 123 atoms (not including the associated water or methanol solvent shells) and are up to 2.5 nm in diameter. The electron correlation interactions associated with the weak Van der Waals and hydrogen bonds increase due to the addition of a polar solvent (water or methanol) shells. The addition of precursor fatty acid and/or cytosine molecules plays a critical role in the quantum mechanical interaction based self-assembly of the photosynthetic center and the functioning of the photosynthetic processes of the artificial minimal cells. The distances between the separated sensitizer, fatty acid precursor and/or cytosine molecules are comparable to Van der Waals and hydrogen bonding radii. As a result the associated nonlinear quantum interactions compress the overall system, resulting in an even smaller gap between the HOMO and LUMO electron energy levels. Photoexcited electron tunneling occurs from the sensitizer (either Ru(bpy) 2+ 3 or [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ derivatives) to pFA molecules. The electron tunneling and associated light absorption for the most intense transitions, as calculated by the Gaussian03 TD DFT method differs from spectroscopic experiments within the value of experiment errors [2, 3] . This agreement implies that the simulated quantum mechanically self-assembled structures of minimal cells very closely approximate the behavior of experimentally synthesized minimal cells.
Quantum investigations of a promising photosynthetic system that incorporates a Ru(bpy) 2+ 3 sensitizer in water solvent show that it works in the visible light region from 455.18 nm to 402.85 nm and is quasi-stabilized by passing an electron from an 8-oxo-guanine-PNA molecule, a good electron donor. The addition of a base-paired cytosine molecule to the system was shown to shift the lowest prominent excited state wavelength from 455.2 nm to 457.0 nm, 1.8 nm to the red region and also shifted the highest prominent excited state from 402.9 nm to 401.5 nm, 1.4 nm to the blue. This behavior is typical of what is experimentally seen [2, 3] .
The systematic quantum investigations of various pho-toactive Ru(bpy) complexes in a methanol environment showed that the most intense singlet-singlet electron charge transfers occurring for a [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)] 2+ ::pFA supramolecule covalently bonded to the 8-oxo-guanine and residing in a methanol molecule cavity are found for the fifth (460.6 nm), sixth (449.0 nm), seventh (439.4 nm), and ninth (434.5 nm) excited states in the broad region from 507.1 nm to 381.1 nm. The addition of the covalently bonded 8-oxo-guanine molecule to the [Ru(bpy) 2 (4-4'-Me 2 -2,2'-bpy)] 2+ sensitizer were found to shift the lowest energy Vis spectrum excited state from 501.7 nm to 503.5 nm (1.8 nm to the red). The further addition of the Van der Waals bonded pFA molecule to the 8-oxo-guanine covalently bonded to a [Ru(bpy) 2 (4-Bu-4'-Me-2,2'-bpy)]
2+ results in an added shift of the already shifted lowest Vis spectrum excited state to 507.1 nm (3.6 nm more to the red). This behavior again matches what is experimentally seen for such interactions [2, 3] , namely a shifting of the lowest energy Vis spectrum excited states of complex quantum systems, due to covalent and Van der Waals bonding interactions with the additional molecules. This is also consistent with our general finding that the inclusion of more molecules in the photosynthetic systems of artificial minimal cells resulted in longer wavelengths for the absorption spectrum. The shift of the absorption spectrum to the red for the artificial protocell, photosynthetic centers might be considered as the measure of the complexity of these systems.
Some weak direct Ru→pFA electron transfer excitations in the spectrum region near the UV/Vis boundary were also observed.
